Polydiallyldimethylammonium chloride (polyDADMAC) and epichlorohydrin-dimethylamine (Epi-DMA) stock solutions were prepared, stored for varying amounts of time, and used in bench-scale simulations of coagulation/flocculation/sedimentation to determine whether polymer stock age had an influence on NDMA yields. Stock solution ages ranged from under one hour to fifty hours. PolyDADMAC stock age did not significantly affect NDMA production. Epi-DMA stock age significantly increased NDMA production over a time span of 0 to 5 hours, but not from 5 to 50 hours. The relationship between the change in NDMA yields and Epi-DMA stock solution age may be a first-order reaction or a two-phase process. Statistical evaluation of the data available supports both theories.
Introduction
When using polymers that are known to act as precursors for Nnitrosodimethylamine (NDMA) formation it is important to know whether the age of the prepared polymer stock solutions will have an impact on the NDMA yields that result. One may be able reduce NDMA formation at a treatment plant by modifying the time between polymer stock preparation and application in coagulation/flocculation/sedimentation processes. Similarly, one could possibly control NDMA formation by modifying polymer contact time, that is, the time between polymer addition to treated water to when residual polymer reaches disinfection. In addition, research involving nitrosamine formation due to aminebased polymers should incorporate polymer stock aging into their experiments if age is shown to be a significant factor.
Polydiallyldimethylammonium chloride (polyDADMAC), shown in Fig. 1 , is the polyelectrolyte most commonly used as primary coagulant in drinking water treatment (Wilczak et al. 2002; Montgomery 1985) . Kohut and Andrews (2002) found that use of polyDADMAC in jar tests (benchscale simulations of the coagulation/flocculation/sedimentation process) resulted in NDMA formation. They found that the use of another poly-electrolyte, epichlorohydrin-dimethylamine (Epi-DMA), shown in Fig. 1 , resulted in even greater NDMA yields when used in similar bench-scale simulations.
Other studies have found certain amine-based polyelectrolytes used in drinking water treatment behave as NDMA precursors (Wilczak et al. 2002; Child et al. 1996; Najm and Trussell 2001; Loveland et al. 2001) . However, one uncertainty that has been cited is the effect of the age of the prepared polymer stock used in these experiments on NDMA yields (Wilczak et al. 2002; Loveland et al. 2001) . Polyelectrolytes are effectively aged during storage prior to use in coagulation/flocculation/sedimentation by several hours to a few days before reaching disinfection, while amine-based polymers used in ion exchange are constantly exposed to raw water for weeks at a time. The time scale is very different between these two applications, so this research is limited to focusing on the time frame appropriate for the application of polyelectrolytes as coagulants, that is, several hours to approximately two days.
Standard jar tests were performed using polyDADMAC and Epi-DMA stocks of various ages and NDMA concentrations were measured. The goal of this study was to determine whether the age of prepared polyDADMAC or Epi-DMA stock had a significant effect on NDMA yields that would occur.
Materials and Methods
Jar tests were used to simulate the coagulation/flocculation/ sedimentation process. 1.6-L square glass jars and a Phopps and Bird Inc. model 300 stir apparatus were used. One test for each polymer was performed at a time to ensure that rapid mixing and settling times were consistent for each sample. One polyDADMAC test was performed on one stirpaddle, and at the same time one Epi-DMA test was performed on another stir-paddle. The same stir-paddles for each polymer were consistently used for all the tests performed. Glass syringes were used to add chemicals to the water samples. The selected NDMA analytical procedure required number 4 Whatman filter paper and the use of a Hewlett Packard low resolution 5890 II Gas Chromatograph/5971 Mass Selective detector (GC/MS). Details of the NDMA analytical procedure are described in a later section. b a
Reagents
The polymers tested, polyDADMAC and Epi-DMA, were purchased from Sigma-Aldrich (Milwaukee, Wis.). Sodium nitrite, sodium hypochlorite, and aluminum sulphate (alum) were used in the simulation of the coagulation/flocculation/sedimentation process and were purchased from VWR International (Mississauga, Ont.). Dichloromethane (DCM) and methanol, purchased from VWR International, and Ambersorb 572, purchased from Sigma-Aldrich, were utilized in the NDMA analytical procedure. Stock solutions of the polymers, nitrite, chlorine, and alum were prepared using Milli-QUV (Millipore in Billerica, Mass.) lab-grade water. d 6 -NDMA standards were purchased from CDN Isotopes (PointeClaire, Que.). NDMA was purchased from Sigma-Aldrich.
Experimental Procedures
The procedures used can be segmented into several steps. The first step is the preparation of polymer stock solutions of different ages. The second is the methodology behind the bench-scale simulations of the coagulation/flocculation/sedimentation process. The final step is the analytical procedure used to measure NDMA concentrations. The doses used are summarized in Table 1 . Reagent doses were chosen in order to maintain consistency with the doses used in previous work by Kohut and Andrews (2002) . It should be noted that the doses of polymer used in these experiments are significantly higher than those used at real water treatment plants to ensure that any NDMA formation that occurred would be detectable.
Polymer stock preparation
For this research polyDADMAC and Epi-DMA were tested separately. PolyDADMAC was tested because it is the most commonly used polymer for the purposes of primary coagulation. Epi-DMA was found to produce higher concentrations of NDMA than polyDADMAC, thus this polymer was used in these experiments to ensure that changes in NDMA formation would be measurable. At different times before the commencement of the jar tests, 10 mg/L stock solutions were prepared for each polymer and the time of preparation recorded. The time that the polymers were added in the jar tests was also recorded so that the age of stock, that is, the difference between polymer stock preparation and application, could be calculated. The polymer stock solution ages were: 0.03, 1.0, 2.3, 2.9, 3.0, 5.1, 9.4, 22.4, 23.0, and 50.7 hours.
Jar test procedure
One litre of tap water was placed in a 1.6-L square glass jar. Tap water provided a test matrix in which the coagulants were expected to exhibit relatively normal behaviour with minimal interferences. Although the stirring apparatus allows for a maximum of six samples to be mixed simultaneously, only two samples, one containing polyDADMAC and one containing Epi-DMA, were mixed at a time to ensure that settling times were identical for each trial performed using a given polymer. Nitrite was added to the water sample, and mixed for 2 to 5 seconds at 100 rpm to ensure the solution became homogeneous. Polymer, alum, and chlorine were then added using glass syringes. Following this, the solution was mixed at 100 rpm for 30 seconds, 40 rpm for 10 minutes, then allowed to settle for 30 minutes. The supernatant was then decanted and analyzed for NDMA concentrations.
NDMA analysis
A modified adsorption/isotope dilution method originally described by Taguchi et al. (1994) was employed, the only difference being that 37% less Ambersorb 572 and DCM were added. It was determined that using a proportionally smaller volume of Ambersorb 572 and DCM would significantly affect the NDMA results obtained only if one was dealing with high concentrations of NDMA, that is, in the range of 100 µg/L. Since NDMA levels present in drinking water are rarely higher than 200 ng/L, the effect of using less Ambersorb 572 and DCM was insignificant.
A 500-mL water sample was placed in a 1-L amber bottle with a Teflon-lined cap. Ten microlitres of 1.0-mg/L d 6 -NDMA in methanol was added to each sample. The d 6 -NDMA was used as a surrogate standard so that one could correctly identify the NDMA peak from the GC/MS results and help correct for slight variations in NDMA extraction efficiency. One hundred and twenty-five milligrams of Ambersorb 572 was added to the sample, and the sample was shaken for an hour on a rotary shaker table at a speed of 250 rpm. The sample was filtered through a number 4 Whatman filter paper. The filter paper was placed in a fume hood for 30 to 50 minutes to allow the Ambersorb 572 to dry. The Ambersorb 572 and 250 µL of DCM were added to a 2-mL autosampler vial containing a 250-µL insert. Five microlitres of final extract was then injected into the GC/MS.
A Hewlett Packard low resolution 5890 II Gas Chromatograph with 5971 Mass Selective detector (GC/MS) was used to analyze the samples prepared for NDMA analysis. The GC/MS was operated in selected ion monitoring (SIM) mode to increase sensitivity to the presence of NDMA and d 6 -NDMA, which have major indicator fragment ions with mass to charge ratios of m/z 74.05 and m/z 80.01, respectively. NDMA and d 6 -NDMA have similar retention times so the surrogate standard was used to confirm the identification of NDMA peaks during the GC/MS run. They also have similar mass spectrometer sensitivity, which aided in the quantification of NDMA. The sample volume injected using the HP7673 automatic sampler was approximately 5 µL. Helium was used as the carrier gas at 1.24 mL/minute at 38°C. Sample components were separated using a J&W Scientific DB-101 capillary column (30 m by 0.25 mm by 0.25 µm).
The oven profile started at 32°C for one minute, then was increased up to 150°C at a rate of 15°C/minute. The temperature was then increased at a rate of 30°C/minute up to 250°C, at which point the temperature was constant for the remainder of the experiment. The chemstation software used for the GC/MS was G1034C version C.01.05.
The ratio of NDMA to d 6 -NDMA major fragment ions was used to determine NDMA concentrations in analyzed samples. Standards were prepared in 500-mL tap water samples and used to determine the ratio of fragment ions corresponding to a given standard concentration. Figure 2 shows a typical calibration curve created using standards prepared at the following concentrations: 0, 6, 10.1, 24.2, 50.5, 101, and 202 ng/L.
The Minimum Detection Limit (MDL) for this procedure was determined to be 3 ng/L. Blanks were determined to contain an average NDMA concentration of 1.6 ng/L, with the highest NDMA concentration being 2.0 ng/L, indicating that a lower MDL may be possible if a standard solution of less than 10 ng/L was to be used. The method developed by Taguchi et al. (1994) was designed for a high resolution GC/MS, and using a low resolution GC/MS instead may raise concerns about the possibility of misidentifying other chemicals with a mass to charge ratio of m/z 74 as NDMA. However, the solidphase extraction method described results in some of the least interferences possible. To identify NDMA one must measure a peak occurring at a specific retention time, which is confirmed through the use of the d 6 -NDMA surrogate standard. The combination of correct m/z and retention time criteria eliminates almost all other chemicals that could be misidentified as NDMA. Only one other chemical contains a major mass fragment with a mass to charge ratio of m/z 74 with a similar retention time to NDMA: chlorobenzene. Tests were performed earlier to detect the presence of chlorobenzene in water samples at the completion of the bench-scale simulations, but none was found. Therefore, while the authors recognize that under the conditions of methods there is a possibility that a small number of other chemicals may be misidentified as NDMA, they are confident that the GC/MS is correctly detecting NDMA with minimal interferences.
Results
The NDMA yields that resulted when different polymer stock ages were used in bench-scale simulations are shown in Fig. 3 and were reported as NDMA yield (ng/L) per unit polymer applied (mg/L). NDMA yields resulting from the use of Epi-DMA were larger than those due to the use of polyDADMAC, which supports results previously reported by Kohut and Andrews (2002) . Qualitatively, it appeared from Fig. 3 that as the age of the prepared polymer stock increased, NDMA yields also increased.
Using a model of simple linear regression (Rawlings et al. 1998) , an analysis of variance (ANOVA) was performed on the polyDADMAC and Epi-DMA data, and is summarized in Tables 2 and 3, respectively. In  Tables 2 and 3 the equation of the best-fit line is provided, as well as the coefficient of determination, R 2 , which gives a quantifiable estimate of how well the data matches the best-fit line. A table of values necessary to perform an ANOVA is then given. The degrees of freedom are the number of independent observations used to calculate the sum of squares. The sum of squares is the sum of the squared difference between each individual data point and the corresponding data point that would fall on the best-fit line. The mean square is the sum of squares divided by the degrees of freedom. The ratio of the calculated and distribution table F-value allows one to determine if the slope of the best-fit line is significant. If the ratio of the F-values is greater than one, then the change in NDMA yields with respect to polymer stock age is greater than what could be attributed to random variation. The F ratio in Table 2 indicates that polyDADMAC prepared stock age had a significant effect on NDMA yields at 95% confidence level over the 50-hour tested interval. However, Fig. 3 reveals that the data point at 50 hours, because it is so distant along the x-axis from the rest of the data points, is an overly influential point and skews the results of the statistics. Applying linear regression and an ANOVA to the polyDADMAC data for the age range of 0 to 25 hours shows no significant change in NDMA yields with stock solution age.
The F ratios in Table 3 indicate that Epi-DMA prepared stock age had a significant effect on NDMA yields at the 95% confidence level when long storage periods, that is, 50 hours, were used. Despite the results of the statistical analysis, visual inspection of Fig.  3 suggests that changes in NDMA yields were greatest during the first few hours after stock preparation. Therefore, an ANOVA table was calculated for the polyDADMAC and Epi-DMA results for polymer stock solutions that had aged five hours or less. Tables 4 and 5 summarize the polyDADMAC and Epi-DMA results, respectively. The age of polyDADMAC stock solution was not significant to NDMA yields when looking solely at the first five hours following stock preparation. However, Epi-DMA stock age was found to be significant at the 95% confidence level. This calculation suggests that the relationship between polymer stock age and NDMA yields is not linear.
Attempts were made to fit first-, second-, and third-order models to the polymer data available. To estimate parameter values a GaussNewton method was employed which linearizes the models using a Taylor's series expansion and allows one to apply linear least squares calculations iteratively (Mason et al. 1989) . Model parameters were estimated and adjusted iteratively until the lowest residual sum of squares, that is, the sum of the squared difference between observed data and values predicted through the model, was reached. Equations 1, 2, and 3 show the first-, second-, and third-order models used, respectively. It was assumed that the polymers released NDMA precursor following first-, second-, or third-order decay behaviour, and that the precursor released would react to form NDMA. The variable NDMA is the predicted amount of NDMA formed, C is the maximum amount of NDMA that can form from the amount of precursor available in the decaying polymers, k is the rate at which precursor from the polymer becomes available, and t is the age of the polymers.
(1) (2) 
The Gauss-Newton method was used to determine the values of parameters k and C that would minimize the residual sum of squares. Tables 6 and 7 show the parameter values, and residual sum of squares, for the models that were fitted to the polyDADMAC and Epi-DMA data, respectively. The observed data was plotted alongside NDMA yields predicted by the three models formulated for the polyDADMAC and Epi-DMA data, shown in Fig. 4 and 5, respectively. Visual inspection of Fig. 4 and 5 reveals that the best-fit models for each order were very similar. Predicted NDMA yields for aging Epi-DMA stock solutions appear to correlate with observed yields while modelled NDMA yields for polyDADMAC suffer from a number of discrepancies.
The models derived were tested at the 95% confidence level as to whether the ratio of regressional sum of squares to residual sum of squares was greater than one, that is, whether the correlation between observed and predicted NDMA yields were greater than what could be attributed to as experimental error. For polyDADMAC, it was found that none of the models were significant at the 95% confidence level. For Epi-DMA, it was found that all three derived models were significant. However, the least residual sum of squares was achieved when a firstorder model was used, so it is likely that the change in NDMA yields with polymer stock solution age is a first-order reaction. 
Visual inspection of Fig. 3 offers the possibility that the change in NDMA yields due to polymer stock solution aging may be a two-phase reaction instead as illustrated in Fig. 6 . In other words, degradation of the polymer occurs in the early hours after stock solution preparation, but after those initial hours NDMA yields do not change with further aging of the polymer stock solutions. This stage where NDMA yields no longer change with polymer stock solution age would be the second phase of the reaction.
Assuming, in this case, that the second phase of the reaction began after polymer stock solutions had been aged approximately five hours, a regression model and ANOVA table were created for the second phase for polyDADMAC and Epi-DMA, shown in Tables 8 and 9 , respectively. No significant change in NDMA yields over time was found for either polymer.
Discussion
NDMA yields associated with polyDADMAC ranged from 4.24 ng/mg at 0.03 hours to 8.37 ng/mg at 50.7 hours, while Epi-DMA resulted in NDMA yields ranging from 7.15 ng/mg at 0.03 hours to 19.8 ng/mg at 50.7 hours. Qualitatively, Fig. 3 suggests that NDMA yields increased with increasing polymer age. However, looking at the whole 50-hour test interval, Epi-DMA stock age was not significant to NDMA yields at the 95% confidence level. PolyDADMAC was found to be significant at the 95% confidence level, but only because of the overly influential point at 50 hours. Statistical analysis without this point found no significant change in NDMA yields with polyDADMAC stock solution age. Looking at the results over only the first 5 hours, Epi-DMA but not polyDADMAC stock solution age was significant at the 95% confidence level. An increase in NDMA concentrations as polymer stock age increases could be due to the weakening or degradation of polymer bonds in solution to allow monomer to react with other NDMA precursors. The fact that Epi-DMA stock solution age was significant over a small time frame but not over the whole 50 hours indicates that most of the polymer degradation occurs in the initial hours after the stock has been produced. The age of polyDADMAC stock solutions having no significant effect on NDMA yields suggests that polymer structure may come into play as to how readily a polymer will degrade. Because Epi-DMA stock age was found to be significant to NDMA concentrations over a small interval but not over the larger one, it seemed plausible that the relationship between stock age and NDMA yields was non-linear and thus first-, second-, and third-order models were fitted to the data. Models fitting to the polyDADMAC results were not significant at the 95% confidence level, indicating an unlikelihood that NDMA yields significantly change with polyDADMAC stock solution age. The models fitting the Epi-DMA data were all found to be significant at the 95% confidence level. However, for non-linear regression the most important factor is minimizing the residual sum of squares. The least sum of squares occurred when a first-order model was fitted to the Epi-DMA results, indicating that the changes in NDMA yields due to polymer stock solution age most likely follows a first-order reaction. In the first hours following polymer addition to stock water, it is possible that polymer strands possessing relatively weak bond strength are more susceptible to bond cleavage in stock solution, but as time progresses, only polymer strands with strong structure bonds remain, and are more resistant to bond cleavage within the stock solution. This would lead to changes in NDMA yields being most noticeable during the first few hours in a polymer stock solution's existence but with less change in NDMA yields occurring as the stock solution ages further.
Another proposed relationship between polymer stock solution age and NDMA yields was a two-phase reaction, where stock solution age significantly increased NDMA yields with time in the first phase, but with no further change in NDMA yields occurring in the second phase. Tables  8 and 9 summarize the derivation of a linear regression model and ANOVA for the polyDADMAC and Epi-DMA results for polymer stock ages of five hours and greater. Neither regression model was significant at the 95% confidence level. This indicates that NDMA yields were neither significantly increasing nor decreasing with increased polymer stock solution age, but does not guarantee that NDMA yields remained constant after stock solutions had aged a specific amount of time. Changes in NDMA yields in this second phase of the reaction may be random, and further testing of stock solutions stored for long periods should be performed in order to verify this relationship.
Should it be found that NDMA yields do not increase after the polymer stock solution has reached a certain age, this may be due to only stable polymer remaining in a non-dissociated form. Alternatively, an equilibrium within the stock solution may be reached, preventing further polymer degradation.
From this research, NDMA yields are most likely not affected by the age of polyDADMAC prepared stock within the time range applicable to coagulant use, that is, within two days or less. However, NDMA yields increased with increased Epi-DMA stock age, although not in a simple linear fashion over the 50-hour time frame tested. NDMA yields increase the most with polymer stock age in the first few hours after stock preparation, but increase less as age further increases until a plateau is reached. It can-not be determined at this point whether the relationship between NDMA yields and Epi-DMA stock solution age is a first-order reaction or a twophase process.
When studying anion exchange treatment, Loveland et al. (2001) observed the possibility that fresh resins produced less NDMA than older resins of the same type. Since the results of this research suggest that more NDMA is produced with increased polymer age, the increase in NDMA yields in fresh resins is most likely not related to the integrity of the polymers themselves. More likely, monomer present in fresh resins used in ion exchange are swept away in the earlier flows of raw water, so as time continues less polymer is available to react with other precursors in the water to form NDMA. Wilczak et al. (2002) studied NDMA formation from polyDADMAC, and ran one experiment that resulted in NDMA yields higher than any other trial that was run. It was hypothesized that the unusually high yields were due to the polymer stocks being used immediately in their simulations, while typically the stocks were aged for several hours before use. While Epi-DMA stock age had a significant effect on NDMA yields, polyDADMAC, the polymer in question, did not show such significance. Furthermore, NDMA yields should have been less, if anything, when a polymer stock solution is used immediately instead of aged before application. Based on the results of this research, it is most likely that an unknown factor was accountable for the high NDMA yields previously reported.
Conclusions
The effect of the time between the preparation of polymer stock and its use on subsequent NDMA yields was tested using polyDADMAC and Epi-DMA. Polymer stock ages that were tested ranged from 0 to 50 hours.
Over the whole 50-hour interval, polyDADMAC stock age was found to be significant to NDMA yields at the 95% confidence interval. However, this is due to the 50-hour data point being overly influential in the statistical analysis. All other analyses performed on the polyDADMAC data, including linear regressional statistics where the 50-hour data point is not included, did not find a significant change in NDMA yields with polyDADMAC stock solution age at the 95% confidence level.
A linear increase in NDMA yields with Epi-DMA stock solution age was found to be significant at the 95% confidence level for stock solutions that had aged five hours or less. Over the 50-hour interval studied, a significant, linear increase in NDMA yields with Epi-DMA stock age was not found. Two alternative relationships were proposed: the relationship between NDMA yields and Epi-DMA stock solution age may be a firstorder reaction, or the reaction may be a two-phase process, where NDMA yields increase significantly in the first few hours after polymer stock solution preparation but then remain constant after that initial period. A first-order model was found to be significant at the 95% confident level, and no significant change in NDMA yields was determined for Epi-DMA stock solutions that had been aged five hours or more. Therefore, this research supports either theory regarding the effect of Epi-DMA stock solution aging on NDMA yields.
This research indicates that for water treatment plants using polyDADMAC as coagulant, the length of time the polyelectrolyte is in the treated water will not significantly increase NDMA yields. If such a plant discovers NDMA in their final treated water product, they will be forced to look at other factors than polymer contact time to modify in order to resolve their problem.
However, water treatment plants or researchers using Epi-DMA will find that NDMA yields associated with this polymer will increase with polymer age and contact time. Therefore, treatment plants detecting NDMA in their final water treated product may be able to modify their treatment processes to decrease polymer contact time as part of solving their problem. Researchers are faced with a more complicated situation, where they are faced with either creating a number of polymer stock solutions so that time between preparation and application is consistent, or use stocks that have been aged for approximately 24 hours at which point further stock solution aging appears insignificant. Proper randomization of experimental trials should also help reduce the influence of Epi-DMA stock solution age.
